The conventional linear polarizer only allows the electric component parallel to the polarizer axis to pass through whereas prohibits the vertical component. We propose that a specially-designed single-layer plasmonic polarizer can couple both parallel and vertical electric components to the transmission, thus breaking the classical law of Malus. A variety of anomalous polarization effects, such as the asymmetric polarization-angle dependence, enhanced polarization filtering with wide polarization angle, and tunable polarization rotation from 0 o to 90 o , can be resulted. To understand the effects, the generalized law of Malus, originating from the superposition principle, has been presented and analyzed. This provides a basis for studying the interference-type plasmonic polarizers, where the interference effect and polarization effect are combined together. The difference between the plasmonic and conventional polarizers is of both fundamental and practical interests.
Introduction
Recently, quasi-two-dimensional subwavelength plasmonic nanostructures or metasurfaces, such as the periodic arrays of metallic nanoantennas or metal films milled with small apertures, have received much research interest in the scientific community [1] [2] [3] . The reasons are as follows: the plasmonic nanostructures are artificially constructed and only limited by the imagination, physics rich and multifunctional for controlling light (e.g., the amplitude, polarization, phase, and propagation direction etc.), and size compact and suitable for photonic integration or of many other potential applications. For example, with the gradient metasurfaces composed of nanoantennas of varying parameters, anomalous light reflection, refraction, and diffraction have been studied [4] [5] [6] [7] . Moreover, the gradient metasurfaces enable the construction of planar metalenses with the subwavelength resolution [8] [9] [10] .
The metasurfaces also play a crucial role in manipulating the polarization of light [11] [12] [13] [14] . It is well known that, besides the enhanced optical transmission effect, a metal film milled with one-dimensional slits or two-dimensional rectangular holes behaves as a nanoscale plasmonic polarizer [15, 16] . The effect is associated with the excitation and propagation of waveguide modes in the subwavelength apertures. Conventionally, the electric component parallel to the polarizer axis is allowed to pass through the polarizer whereas the vertical component is prohibited. This is the physical origin of the classical Malus' law. Similar effect can also be found with the single-layer plasmonic polarizers [15, 16] . Recent theoretical and experimental studies suggested that the transmission response of multiple plasmonic polarizers does not follow the prediction of classical Malus' law [17] [18] [19] . One example is that, with the use of three cascaded plasmonic polarizers, wide-band and highly efficient (~80%) polarization rotation can be achieved [19] [20] [21] [22] .
Another example is that two orthogonal plasmonic polarizers, which will usually forbid the transmission of light, can induce high transparency and 90-degree polarization rotation [17, 23] . These effects stem from the near-field coupling and/or multiple reflections in the plasmonic systems.
Compared with the multi-layer systems, the singlelayer plasmonic structure owns some advantages such as the convenience of fabrication and device integration. One may ask: may we construct a singlelayer plasmonic polarizer that couples both the parallel and vertical electric components of incident light to the transmitted polarization? And, may we use this polarizer to transform the natural light into linear polarization with the efficiency larger than 50% or even up to 100%? These questions are of both theoretical and practical importance. In this paper, we propose that a specially-designed single-layer plasmonic polarizer, consisting of a metal film milled with rectangular holes and grooves which are orthogonal to each other, may realize the first function and thus break the classical law of Malus. With the polarizer, some abnormal polarization properties such as the asymmetric polarization-angle dependence, efficient polarization generation with wide polarization angle, and tunable polarization rotation from 0 o to 90 o (by rotating the polarizer mechanically), etc. can be achieved. Moreover, based on the superposition principle, the generalized law of Malus describing the relationship between the transmission and polarization angle has been presented and analyzed. We also prove theoretically that the conversion efficiency from natural light to linear polarization will not exceed 50% with such a polarizer.
We emphasize that the polarizer called here "plasmonic" is mainly due to the fact that the polarizer is composed of plasmonic materials rather than other media. Actually, even if the metal is a perfect electric conductor and the plasmonic effect is or y-and x-p (c, 2 ; note tha own here an Fig. 3(a, b) 
Here, t yy (t yx ) and φ yy (φ yx ) are the transmission coefficient and phase as mentioned previously (see Fig. 2 ). Then, the transmitted field of x component is 
The two terms on the right-hand side of Eq. (2) correspond to the transmission of y and x electric components of incident wave, respectively. Equation (2) is nothing but the well-known superposition principle: The total transmission response of a plasmonic metasurface induced by an inclined incident polarization is the sum of the individual responses that would have been generated by the two orthogonal electric components separately. The superposition of the two individual transmission responses may give rise to a strong constructive or destructive interference effect in certain conditions. For this reason, the plasmonic polarizer investigated in this paper was termed as the interference-type plasmonic polarizer. With the Eq. (2), the power transmission efficiency of the interference-type plasmonic polarizer, 
where yy yx δ ϕ ϕ = − is the phase difference. Equation (3) establishes a direct relationship between the power transmission efficiency and the polarization angle θ. The transmission efficiency is also a function of wavelength, as both the transmission coefficients and phase difference vary with the wavelength. It should be emphasized that the last term in the Eq. (3) represents the interference contribution, which depends on not only the phase difference δ but also the polarization angle θ. As the interference term is an odd function of θ, the spectral asymmetry for ±θ will be resulted. In addition, when the transmission coefficient t yx =0, the Eq. (3) will be degenerated into 2 2 ( ) cos yy T t θ θ = , which corresponds to the classical law of Malus (but modified by the transmission of metasurface). As an extension, the Eq. (3) may be called the generalized Malus' law (GML). In Fig. 3 , the transmission of polarizer as a function of wavelength (a, b) or polarization angle (c, d) was also calculated with the Eq. (3) and plotted with the squares (employing the transmission coefficients and phase difference in Fig. 2 ). As expected, a consistency between GML (the squares) and FDTD simulation (the lines) can be seen. With the GML, the polarization angle corresponding to the transmission maximum or minimum can be determined simply, satisfying the following equation: 
According to Eq. (7), the approximated maximal efficiency at 1132 nm and 1524 nm is 83.7% and 47.2% respectively, which are close to the simulated values of 80.4% and 47% (see Fig. 3 ). In addition, the simulated minimal efficiency at 1132 nm and 1524 nm is 3.3% and 0.2% respectively (see Fig. 3 ), which are close to zero. Due to the energy conservation law, the maximal power transmission efficiency T max (under the polarization angle θ max ) will be less than unity. Therefore, an inequality linking t yy and t yx , the electric-field transmission coefficients for the y-and x-polarized incident light, can be resulted: 2 2 1.
The inequality implies that there may be a trade-off between t yy and t yx : the stronger the transmission for 
